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The article describes the eﬀects of wear upon the axial proﬁle of a grinding wheel in the axial cylindrical grinding processes. This
mechanism was used to develop a grinding wheel with zone diversiﬁed structure made of microcrystalline sintered corundum
abrasive grains and vitriﬁes bond. Such a grinding wheel is characterized by the conical rough grinding zone that is made by
grains of a relatively large size, and a cylindrical ﬁnish grinding zone with grains of a smaller size and can be used in the single-
pass grinding processes. Investigative tests conducted using newly-developed grinding wheels were described. Investigations were
operated in the single-pass internal cylindrical grinding process of 100Cr6 steel. A comparison of results obtained using a zone
diversiﬁed structure grinding wheel, with reference to a grinding wheel with grains of one size, were given. The analysis provides
the roughness of the grinded surface, the grinding power, as well as chosen indicators of grinding eﬃciency. Experimental results
obtained with use of a zone-diversiﬁed grinding wheel, built from relatively cheap grains of microcrystalline sintered corundum,
showed that it is possible to obtain large material removal rate Qw up to approximately 24mm3/s and high quality of machined
surface (Ra = 0.16–0.39μm).
1.Introduction
Grinding is a method of producing technical surfaces
with great precision and ﬁneness using tools made from
thousands of little grains of a hard material (aloxite, silicon
carbide) or a very hard material (diamond, cubic boron
nitride), bonded appropriately [1]. The great mechanical
load and high temperature in the contact area between
the tool and the ground material gives rise to tribological
processes (frictional, chemical, diﬀusion, adhesion) which
causes the quick wear of the abrasive grains and as a con-
sequence the loss of the cutting ability of the tool [1–
3]. There are a wide range of experiments underway that
involve the reduction of these processes by diﬀerent types of
modiﬁcations to the construction of the grinding tools [2–
5].Mostofthesemodiﬁcationsinvolvethechangingofparts,
relating to a chosen aspect of the work, for example, a change
of the abrasive material, bonding material, technology, tool
structure and so forth. This paper describes the complex
(system) approach to improving grinding tools—Figure 1.
Of the many issues surrounding the decision-making
processes in the area of technological developments, one
is particularly important and concerns how to rationally
manage or how to use owned resources to get the maximum
eﬀect Efw. This problem, for the tested grinding operation,
can be reduced to an optimization task in the following
general form: with minimal consumption of resources
N should be received at the intended degree of project
implementation W:
Efw=
W
N
, N −→ min,W = const, (1)
where Efw is the eﬃciency, expressed by grinding operation
costsK,N thewearofthegrindingwheel,whichisafunction2 Advances in Tribology
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Figure 1: Procedures for designing modernized grinding tools with speciﬁed types of modiﬁcations.
of operation time t,a n dW constraints (the set of essential
t e r m so ft h eq u a l i t yo fg r o u n d e ds u r f a c e ) .
More speciﬁcally this task can be shown by writing: ﬁnd
the minimum grinding cost function K(t)f o rt i m ev a l u e st,
contained in a set of feasible solutions T, while maintaining
theassumedparametersofthegrindedsurfacequality,where
K(t) is an objective function (optimization criterion).
To solve this task, a system approach was used. It focuses
on the investigation of optimal solutions through a logical
analysis of the structure of the system. The next steps of this
analysisaregiveninaconciseforminFigure 1,anditsresults
areintheformoftheﬁnalproduct(grindingwheelmeetsthe
objective function and restrictions).
To obtain the ﬁnal result it was required to make sig-
niﬁcant changes in the analyzed operation system. These
changes were written as a modiﬁcation:
(1) material modiﬁcation: the replacement of expensive
CBN abrasive grains with cheaper SG grains;
(2) design modiﬁcation: the replacement of a uniform
grinding wheel with a zone-diversiﬁed grinding
wheel;
(3) tribological modiﬁcation:d i ﬀerent sizes of abrasive
grains in diﬀerent zones of the grinding wheel;
(4) technology modiﬁcation: the replacement of the recip-
rocating multipass grinding method with the single-
pass grinding method;
(5) simulation on the mathematical model:i no r d e rt o
determine the processing parameters that meet the
constraints posed by the machined surface quality.
2.WearCharacteristicof the GrindingWheel
Axial Proﬁle
One of the possible ways to observe the wear of the axial
proﬁle of the grinding wheel is the formation of a conical
vfa
ae
s(t2)s(t3)s(t4)s(t5)s(ti)
ns
s(t1)
T
t1 <t 2 <t 3 <t 4 <t 5 <t i
Figure 2: The eﬀects of wear upon the axial proﬁle of a grinding
wheel [6].
zone. During the grinding, the grinding wheel cuts into the
material of the workpiece with one of its front edges. The
simple wear model assumes that there is a formation of
diagonal wear in the attacking part. In reality, the shape is
curvilinear (Figure 2) and mostly depends on the depth of
the grinding ae, the speed of the axial table feed vfa,a sw e l la s
the characteristics of the grinding wheel.
There are two phases to the wear described. Firstly, in a
short time, a slant is formed on the front part of the grinding
wheel active surface (GWAS) along its entire width s(t1–t3);
next, the grinding wheel evenly wears itself during the work
causing shifting of the diagonal area along the depth of the
grinding wheel s(t4–ti)[ 6].
The described wear of the grinding wheel mechanism
causes the taking over of the main work of removing the
allowance from the conic zone; however, the cylindrical
zone removes the unevenness from the ground surface. This
means that with the increase of wear of the grinding wheel,Advances in Tribology 3
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Figure 3: Single-pass grinding processes carried out using grinding wheels with conic chamfer.
the smoothing area decreases, which has a negative eﬀect on
the quality of the workpiece surface.
Such a characteristic of the proﬁle wear of the GWAS
was used to work on a grinding wheel with a conic chamfer.
Such grinding wheels are intentionally characterized by their
chamfer with an adequately chosen angle χ and width b.T h e
forming of a conic chamfer allows for the even distribution
of large machining allowance on a larger GWAS, which also
means a greater number of active grains. These types of
grinding wheels are mainly used in the processes of grinding
where large machining allowances are removed, for example,
in the processes of single-pass grinding.
3.Single-PassGrindingProcesses
As already presented, the essence of single-pass grinding
is the complete removal of machining allowance in one
passing of the grinding wheel, whilst maintaining the desired
quality of the surface of the workpiece [4, 7–18]. The
most commonly met single-pass processes should include
the continuous path-controlled grinding [7–10], internal
cylindrical peel grinding [11], grinding with reduced contact
with the grinding wheel (the Quickpoint method) [12–14],
as well as deep grinding with creep feed [15–18].
In such processes grinding wheels with super-hard grains
are mainly used, like Cubic Boron Nitride (CBN) grains. In
addition, the methods of single-pass grinding with the use
of conventional grinding wheels are also developed [19–23].
For the better use of the potential of the grinding tool, there
is often a conic chamfer shaped in the attacking part of
the grinding wheel. The processes of single-pass grinding
using grinding wheels with a conic chamfer are presented in
Figure 3.
In the ﬁrst group of single-pass grinding processes (Peel
grinding, High-Speed Peel grinding), CBN grinding wheels
with conic chamfers are used. Such grinding wheels are
narrow (usually a few millimeters) with a diameter of 300–
400mm. They are characterized by division into two basic
zones: a rough grinding zone 2 to 5mm wide and a ﬁnish
machining zone 2mm wide [7–10]. In the second group
are processes conducted with use of grinding wheels made
of conventional abrasive materials such as alumina oxide
abrasive grains or microcrystalline sintered corundum. In
such cases, grinding wheels are much wider (20–50mm)
[19–23].
4.GrindingWheelswith
aZone-DiversiﬁedStructure
Grinding wheels with a zone-diversiﬁed structure [20–23]
are characterized by the rough grinding zone that is made by
grains of a relatively large size, whereas the cylindrical ﬁnish
grinding zone has grains of a smaller size. The role of the
roughgrindingzoneistoremovetheallowance;however,the
role of the ﬁnish grinding zone is to spark out and smooth
the surface. That is why, in the rough grinding zone, there4 Advances in Tribology
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Figure 4: Grinding wheel active surface load in the single-pass internal cylindrical grinding process (a) and microscopic images of chips
produced in the rough grinding zone (b) and ﬁnish grinding zone (c) of the zonediversiﬁed structure grinding wheel [23].
is a more open structure to allow for the buildup of chips
of material and other worn products, produced as a result of
grinding work. The structure of the grinding wheel in the
ﬁnish grinding zone is however more dense with a bigger
concentration of grinding grains (Figure 4).
In grinding wheels shaped in such a way, there is also
a conic chamfer with an angle χ that is set depending on:
the coasting of the grinding wheel, the size of the removed
allowance, the height of the grinding wheel, and the quality
requirements of the worked surfaces.
An important inﬂuence on the grinding process is the
wearing of the grinding wheel. The complete edge wear ΔBtot
macrogeometryoftheGWASisthetotalofparallelwear ΔBp
and the angular wear ΔBχ (Figure 5)[ 11].
The parallel wear inﬂuences the shortening of the
eﬀective width of the ﬁnish grinding surface, which leads toAdvances in Tribology 5
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Figure 5: Forms of the grinding wheel active surface edge wear occurring in the course of single-pass grinding using grinding wheels with a
conic chamfer [11].
the decreasing of the number of active grains, which in turn
increases the roughness of the worked surface. The angular
wear, however, causes the decrease of the angle of the conic
chamfer which means the extension of the rough grinding
zone. In such a case there is an increase in the number of
active grains in the worked zone, which leads to the decrease
of their individual load and decrease in the intensity of
their wear [11]. Therefore, the setting of the appropriate
proportions of the width of the rough grinding zone and
the ﬁnish grinding zone has an important inﬂuence on the
intensity of the wear of the grinding wheel as well as on the
results of the grinding.
Additional beneﬁts of the exploitation of the grinding
wheels may be provided by the use of diﬀerent types of
grains in the rough and ﬁnish grinding zones. In the
rough grinding zone, these should be grains made from
monocrystals or poly-crystals, with very sharp vertexes,
mechanical resilience with good cutting ability, and the
aptitudetoselfsharpen.Intheﬁnishgrindingzone,however,
the grains should have microcrystalline structure with large
numbers of microvertexes which can carry out the process of
microsparking out and smoothing machined surfaces [23].
Prototypes of such grinding wheels were mainly made
with grains from cubic boron nitride (CBN), with ceramic
binding. The progress of tests of the described processes and
the optimization of the structure of the grinding wheel has
allowed for the replacing of CBN grains with much cheaper
grains of microcrystalline sintered corundum SG [23]. The
primary purpose of replacing CBN grinding wheels with SG
grinding wheels is this economic aspect. The price of the
CBN grains is about 10 times higher than the price of SG
grains. CBN grinding wheels are also more diﬃcult to shape
and dress which is signiﬁcant when conic chamfers need to
be formed.
5.Research Tests
The carrying out of a wide range of simulation research
tests helped determine the most beneﬁcial conditions for
implementing the processes of single-pass internal cylindri-
cal grinding with new grinding wheels. The structure of the
zone-diversiﬁed grinding wheel was also optimized taking
into account the type and size of the abrasive grains in each
of the zones, the whole height of the grinding wheel T, the
involvement of the height of particular parts (T1/T2), as well
as the breadth b and angle of the conic chamfer χ [23].
Presented below are the test results of the inﬂuence of
depth of grinding ae and speed of axial feed vfa (which
directlydictatestheeﬃciencyofgrindingremovalQw)onthe
progress and results of processes of the internal cylindrical
single-pass grinding, with zonediversiﬁed structure grinding
wheels.
5.1. Grinding Wheels. In tests a zone-diversiﬁed grinding
wheel was used with the most beneﬁcial characteristics
(marked 46/80–30%)—Figure 6(a), as well as a reference
grinding wheel made completely from SG grains size 46
(marked 46–100%)—Figure 6(b).6 Advances in Tribology
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Figure 6: Grinding wheel with zone-diversiﬁed structure made of microcrystalline sintered corundum abrasive grains SG size 46 and 80:
(a) construction scheme of grinding wheel with zone-diversiﬁed structure; (b) construction scheme of reference grinding wheel built of SG
grains size 46; (c) microscopic view of SG grains size 46; (d) microscopic view of SG grains size 80; (e) microscopic view of the GWAS in
conical zone of rough grinding; (f) microscopic view of the GWAS in cylindrical zone of ﬁnish grinding; (g) microgeometric axial proﬁle of
the grinding wheel active surface with an exposed conic chamfer.Advances in Tribology 7
In these grinding wheels, a special glass-crystalline bond
was used. It distinguishes itself by the mechanism of the
fatigue cracking of binder bridges, which is comparable to
the fatigue crumble of microcrystalline vertexes of SG abra-
sive grains because these are materials of similar brittleness
[24]. Such properties allow for the ability of the grinding
wheel to self-sharpen.
5.2. Test Results. In Tables 1 and 2, nonlinear 2nd degree
models are presented as well as their multidimensional
correlated coeﬃcients R, assigned on the basis of the
implementation of the three-level experiment plan. Tests
were carried out on the inﬂuence of change of the working
engagement ae and speed of the axial table feed vfa on
the arithmetic average deviation of the roughness of the
workpiece Ra (Table 1) as well as the grinding power gain
ΔP (Table 2).
The diﬀerences in the obtained values of the arithmetic
average deviation of the roughness of the surface workpiece
Ra point out that the use of a grinding wheel with a
zonediversiﬁed structure allows for more than 40% decrease
in the value of this parameter (Figure 8). The diﬀerence is
especially visible for smaller values of the axial feed. This is
as a result of the large number of cutting microvertexes in
the ﬁnish grinding zone made from grains of size 80. The
surface generated from grains of size 46 found in the conical
part of such a grinding wheel remains ultimately ﬁnished
and sharpened by a large number of edges found on the
surface of the cylindrical zone. As a result, the less eﬃcient
loss is shaped by the surface characterized by a nearly two
times lower value of the parameter Ra when compared to the
surface grinding by a grinding wheel completely made from
grains 46.
Along with the rise of material removal rate, the diﬀer-
ences in achieving a roughness of the workpiece surface visi-
bly declined. Along with the increase of ae and vfa, the waste
eﬃciency of grinding visibly rises. The load of the abrasive
grains increases, which in diﬃcult conditions, despite the
zone-diversiﬁed structure, generates an increasing surface
roughness, where this increase is most intensive as compared
to grinding wheels 46–100%. The introduction of a ﬁnish
grinding zone of height 30%, made from grains of size 80,
causes a limited participation of the very porous surface of
the grinding wheel made from grains 46. The remaining
GWAS parts are unable to equally eﬀectively perform the
rough grinding, because it was used for smoothing and
sparking out the surfaces. With values of higher waste
eﬃciency, as a result of increased deformation of the spring
construction, the conic chamfer removes the smaller part
of the whole depth of grinding leaving more material to be
ground by the cylindrical part.
Comparing the results of the grinding power gain ΔP
obtained from two tested grinding wheels, it may be said
that, in the whole range of change of vfa, the beneﬁcial values
were obtained by grinding wheels with a zone-diversiﬁed
structure(Figure 7).Increasedneedofgrindingpowerof46–
100% is a result of the increased sections of layers cut by
individual grains. The active surface of this grinding wheel is
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characterizedbyarelativelysmallnumberofcuttingvertexes,
which are put through increased loads during the process of
machining, which in eﬀect causes an increase of the grinding
power.
Experimental tests allowed the capture of a series of
microscopic images of the GWAS after grinding (Figure 8).
The analysis of these images shows that, in the applied
grinding conditions, the phenomenon of abrasive wear of
the SG abrasive grains vertexes dominates on the GWAS
(Figure 8(a)). To a small extent, there is also adhesive wear
manifested by the sticking of workpiece chips to the abrasive
grains vertexes (Figure 8(b)).
A relatively large load in the rough grinding zone of
the GWAS locally caused fatigue wear and cracking of
vitriﬁed bond bridges (Figure 8(c)). Also of interest are
the spherical chips which are formed in microareas where
abrasive grains make contact with the workpiece material
(Figure 8(d)). The spherical form of such chips is caused
by a momentary heating up of microchips to a temperature
exceeding the melting point. These chips then cool down,
creating empty spherical forms. The occurrence of this type
ofchipsdemonstratesthediﬃcultconditionsandinadequate
cooling of the grinding zone.
5.3. Grinding Eﬃciency. In addition, the eﬃciency of the
implementationofthedescribedprocesswiththetwosubject
grinding wheels was tested. Among the many grinding
judgement criteria described in the literature, four basic
indicators were selected:
(i) quality indicator: INQ = Ra[μm];
(ii) indicator of the course of grinding:
(i) grinding power INC1 = Pc[W];
(ii) appropriate grinding power INC2 = P 
sc = Pc/
Qw[W · s/mm3];8 Advances in Tribology
Table 1: Breakdown of mathematical models describing the changes in the surface roughness of a workpiece Ra as a function of the working
engagement ae and axial table feed speed vfa [22].
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Table 2: Breakdown of mathematical models describing the grinding power gain ΔP as a function of the working engagement ae and axial
table feed speed vfa [22].
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(iii) synthetic indicator:
(i)
INS = K =
Qw
Pc · Ra

mm2
W · s

. (2)
The stated indicators include, in the most, normalized
criteria (Ra, Qw, Pc, P 
sc) popularly used to judge the
eﬃciency achieved in the grinding process. It is accepted
that the grinding power is equal to the registered electrical
power gain of the grinding wheel spindle Pc = ΔP.T h e
synthetic indicator K allows for a complete judgement of
the process through the taking into account of the waste
eﬃciency, registered power, and roughness of the surface
after grinding. In eﬀect this allows for the comparison of
eﬃciency with energy outputs and the quality achieved on
the outer layers of the machined workpiece [8].
Percentagevaluebreakdownofthegrindingperformance
evaluation criteria for grinding wheels with the best results
(46/80–30%) with regard to grinding wheel 46–100% is
presented in Figure 9.
Thismeansthattheprocessesusedinsingle-passinternal
cylindrical grinding with grinding wheels with a zone-
diversiﬁed structure allowed for the signiﬁcant increase
in eﬃciency of the process through the decrease of the
roughness of the surface of the machined workpiece and the
increase of the waste eﬀectiveness.Advances in Tribology 9
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Figure 8: Microscopic view of the GWAS after grinding: (a) wear land of SG abrasive grain; (b) smear of workpiece chips on the abrasive
grain vertex; (c) crack of the vitriﬁed bond bridge; (d) spherical chips of machined material on the abrasive grain vertex.
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30%) with reference to a 46–100% grinding wheel.10 Advances in Tribology
6. Conclusions
During the grinding process, many of the wear processes
aﬀect the GWAS, such as abrasive wear, adhesive wear,
thermal wear and fatigue wear. All these phenomena occur
at the microscale of contacts between the components
of the GWAS (abrasive grains, bond) and the machined
material. Their intensity depends primarily on the grinding
parameters. In the case of single-pass grinding, it depends on
machining allowance ae and axial table feed speed vfa. These
two parameters aﬀect the wear at the macroscale, which
reveals a change in the axial proﬁle of the grinding wheel.
A naturally formed axial proﬁle of the grinding wheel
was the basis for the development of a grinding wheel with
conic chamfer. The developments of this concept lead to
the creation of a grinding wheel with a zone-diversiﬁed
structure. In such tools, it is necessary to optimize the type
and size of the abrasive grains in each zone as well as the
whole height of the grinding wheel T, height participation
of the particular parts (T1/T2), as well as the breadth b and
angle of the conic chamfer χ.
The use of such grinding wheels built from relatively
cheap grains of microcrystalline sintered corundum SG
allowed for the achievement of eﬀective grinding at the level
Qw ≈ 24mm3/s. At the same time, beneﬁcial values of
parameters describing the roughness of the worked surfaces
were attained, which depending on the process parameters
changed in the range: Ra = 0.16–0.39μm.
Thetestscarriedoutpointedtothesigniﬁcantincreasein
theeﬃciencyoftheprocessofsingle-pass internalcylindrical
grinding achieved by the use of grinding wheels with a zone-
diversiﬁed structure, in relation to grinding wheels entirely
constructed from grains of one size.
Nomenclature
GWAS: Grinding wheel active surface
ae: Working engagement,mm
aeeﬀ:E ﬃcient working engagement,mm
aetot: Total working engagement,mm
af: Feed engagement,mm
b: Conic chamfer breadth,mm
ds: Grinding wheel diameter,mm
dw: Workpiece diameter,mm
D: Grinding wheel outside diameter,mm
H: Grinding wheel inside diameter,mm
K: Synthetic indicator of the grinding
eﬃciency,mm2/W·s
ns: Grinding wheel rotational frequency, rpm
nw: Workpiece rotational frequency, rpm
Pc: Cutting (grinding) power, W
P 
c: Proper cutting power, W·s/mm3
q: Speed ratio (vs/vw)
Qc: Coolant ﬂow rate, L/min
Qw: Material removal rate,mm3/s
Q
 
weﬀ:E ﬀective proper material removal
rate,mm2/s
R: Multidimensional correlated coeﬃcient of
mathematical model
Ra: Arithmetic mean deviation of the assessed
proﬁle, μm
Rz: Maximum height of the proﬁle within a
sampling length, μm
s(t): Shape of the grinding wheel active surface in
axial direction after grinding time t
t: Grinding time, s
T: Grinding wheel total height in axial
direction,mm
T1: Grinding wheel rough grinding zone height
in axial direction,mm
T2: Grinding wheel ﬁnish grinding zone height
in axial direction,mm
vfa: Axial table feed speed,mm/s
vs: Grinding wheel peripheral speed, m/s
vw: Workpiece peripheral speed, m/s
χ: Conic chamfer angle,◦
χf: Final conic chamfer angle,◦
χi: Initial conic chamfer angle,◦
ΔBp: Conic chamfer parallel wear,mm
ΔBtot: Conic chamfer total wear,mm
ΔBχ: Conic chamfer angular wear,◦
ΔP: Increase of grinding wheel spindle current
power, W.
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